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Abstract
Silicon field-effect transistors have now reached gate lengths of only a few tens of nanometers, containing a
countable number of dopants in the channel. Such technological trend brought us to a research stage on devices
working with one or a few dopant atoms. In this work, we review our most recent studies on key atom devices
with fundamental structures of silicon-on-insulator MOSFETs, such as single-dopant transistors, preliminary memory
devices, single-electron turnstile devices and photonic devices, in which electron tunneling mediated by single
dopant atoms is the essential transport mechanism. Furthermore, observation of individual dopant potential in the
channel by Kelvin probe force microscopy is also presented. These results may pave the way for the development
of a new device technology, i.e., single-dopant atom electronics.
Keywords: single-dopant electronics, single-electron tunneling, double-donor systems, multiple-donor systems,
photon, Kelvin probe force microscopy, silicon-on-insulator field-effect transistor
Introduction
After demonstration of the first semiconductor transis-
tor, it was soon realized that semiconductors require
doping with impurity atoms for achieving useful func-
tionalities [1,2]. Dopants have played a key role in the
fast-paced development of the electronics industry,
dominantly based on silicon. As predicted by Moore’s
law in the 1960s [3], silicon transistors were expected to
go through a miniaturization process, and this trend has
been pursued for nearly half a century now. The transis-
tor’s gate length is now only several tens of nanometers,
and it will be further downscaled to the 22-nm node
and beyond [4]. This miniaturization faces many techno-
logical and fundamental challenges, among which a key
problem is the discrete dopant distribution in the device
channel [5]. Each individual dopant, having basically an
uncontrolled position in the channel, significantly affects
device characteristics [5,6], leading to device-to-device
variability. It was shown that controlled positioning of
dopants by single-ion implantation in the device channel
can reduce threshold voltage variability in metal-oxide-
semiconductor field-effect transistors (MOSFETs) [7].
On the other hand, technological progress offers a
unique opportunity, i.e., electrical access to individual
dopant atoms in nanometer-scale devices. Properties of
dopant atoms that have been so far inferred from mea-
surements of bulk materials, containing a large number
of dopants, can now be associated to a specific dopant
atom through direct measurements.
Recently, breakthrough results indicate the possibility
of individually addressing dopants in silicon, as illu-
strated in Figure 1. When the dopant is located in a
nanoscale-channel field-effect transistor (FET), single-
electron tunneling via the dopant-induced quantum dot
(QD) gives rise to measurable currents. Results illustrat-
ing this operation mode have been obtained at cryogenic
or low temperature in transistors containing in their
channel one or only a few dopant atoms. Single-electron
tunneling spectroscopy of arsenic (As) donors, located
in the edges of FinFET channels, was performed at cryo-
genic temperatures [8-10]. Acceptors, such as boron (B),
were also directly identified in low-temperature trans-
port characteristics of silicon-on-insulator (SOI) FETs
[11,12]. Individual dopants can be accessed even in
dopant-rich environments, where the channel contains
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provided the original work is properly cited.more than only one isolated dopant atom [13]. In order
to observe individual donor and/or acceptor impurities,
scanning probe techniques are typically used, among
which Kelvin probe force microscopy (KFM) allowed
mapping of dopants in channels of Si nanodevices under
normal operation conditions [14,15].
These findings accelerated research on individual
dopant atoms in silicon nanostructures, as well as on
interactions between dopants and the surrounding
environment. Donor interface coupling has been inten-
sively studied mostly from a theoretical approach
[16-18], mainly for quantum computing [19,20], which
involves transfer of an electron between a donor and a
nearby interface. Furthermore, it has been predicted that
dopant properties are significantly different in nanos-
tructures due to effects such as dielectric confinement
and quantum confinement [21]. It was found that the
activation energy of dopants is enhanced in nanostruc-
tures, leading to reduced doping efficiency in doped Si
nanowires [22]. This opens, however, an additional
opportunity in terms of physics, since it may be possible
to tune the properties of dopants by a suitable design of
the nanoscale environment.
These developments justify an increasing interest in
studies of single dopants in nanoscale Si transistors.
Such studies may eventually enable us to develop an
entire field of electronics, single-dopant electronics,i n
which the basic operation mode will be single-electron
tunneling mediated by an individual dopant.
In this paper, we outline some of our recent results,
focused on isolating single dopant features in electrical
characteristics of nanoscale phosphorus-doped channel
SOI-FETs. First, we will show that single dopants can be
electrically addressed even in devices that contain more
than just one isolated dopant in the channel [13]. For
more advanced device functions, coupling between dis-
crete dopants is expected to play a key role. Systems in
which we identified two coupled donors dominating the
characteristics will be described [23]. We will also
address other application possibilities, such as single-
electron turnstiles, that can be conceived using more
complex donor arrays [24-27]. Additional functionalities
c a nb ee x p e c t e dw h e np h o t o n sa r ei n c o r p o r a t e di n
device operation [28]; as a first step, we will show
results that indicate trapping of single photon-generated
electrons by individual donors in an FET channel. Direct
observation of dopant potentials in device channels
using a Kelvin probe force microscopy technique
[14,15,29] will also be presented. An overview of possi-
ble research directions in the field of single-dopant elec-
tronics will be given before the summary.
Single-dopant transistors
Signatures of single-dopant atoms mediating the current
in FETs have been found recently, in devices that con-
tain a limited number of dopants in the channel. In Fin-
FETs with fine control gates and nominally undoped
channels, it is likely that a few donors diffuse from the
source and drain heavily doped regions into the channel
[8]. At very low temperatures, single-electron tunneling
currents via these donors can be measured [8,9]. Single-
hole tunneling via an isolated acceptor impurity was
also identified in transport characteristics of nanoscale
SOI-FETs with a small number of B atoms implanted in
the channel by low-dose ion implantation [11,12]. These
studies showed direct transport via isolated donor or
acceptor atoms in nanoscale channels, but with a small
number of dopants randomly located in the channel.
Due to this, only a fraction of the measured devices
exhibited transport through dopants [9,11].
Devices with higher doping concentration are attrac-
tive because the presence of dopants in the channel can
be confirmed. The problem is understanding if, in such
dopant-rich environments (channels that contain more
than just one isolated dopant), signatures of transport
via individual dopant atoms can still be observed. For
that purpose, we investigated devices having a structure
as shown in Figure 2a: SOI-FETs with the channel pat-
terned by an electron beam lithography technique to
have a width of about 50 nm and a length between 20
and 150 nm [see Figure 2b]. Top Si layer has a final
thickness of only 10 nm and is doped uniformly with
phosphorus to a concentration ND ≅ 1×1 0
18 cm
-3 (as
estimated from secondary ion mass spectrometry of
reference samples). A simple estimation would give a
Figure 1 Operation of a single dopant transistor. (a) Schematic
illustration of a single-donor transistor, in this case a transistor that
contains one donor in its nanoscale channel. (b) The conduction
path donor mediates single-electron tunneling from source to drain,
giving rise to a current peak in the low-temperature transfer
characteristics (c).
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device channel, depending on the channel dimensions.
We measured the drain current-gate voltage (ID-VG)
characteristics of SOI-FETs at low temperatures
(approximately 15 K) and low source-drain biases (VD =
5-10 mV). All devices exhibit irregular current peaks, as
seen in Figure 2c, which can be ascribed to single-elec-
tron tunneling mediated by QDs. In our devices, QDs
are introduced by the channel donors. The peaks are
not periodic in VG, which indicates that the QDs are
not metallic and that different QDs may be responsible
for different current peaks. It is thus natural to conclude
that individual peaks can be ascribed to one or a few
discrete donors that are active in transport. At the initial
stages of transport, i.e., when the lowest channel states
are aligned with source Fermi level, it becomes easier to
identify transport via discrete donors because the chan-
nel is mostly depleted of free electrons. This is why we
focus on the first observable current peaks (ID >1 0f A ) ,
which correspond to single-electron tunneling via states
below conduction band, i.e., via donors, as illustrated in
Figure 2d.
We found that most devices have complex first cur-
rent peaks, with several subpeaks incorporated in the
peak envelope. This can be understood as a simulta-
neous contribution of several QDs to transport [30].
This effect is generally more pronounced for devices
with longer channels, for which the probability of find-
ing a larger number of donors with comparable energies,
i.e., simultaneously contributing to transport, is
enhanced. For short-channel devices, however, it is
possible to identify characteristics containing a single
isolated first current peak, without inflections (as in Fig-
ure 2). In these devices, a single donor controls single-
electron tunneling transport for the VG range around
the peak. This has been supported by simulations [13]
considering a simple model in which individual donor
Coulomb potentials are superimposed in order to form
the overall potential landscape in the channel [31]. For a
statistical number of donor arrangements, we found a
high probability to identify a single donor as the origin
of the first current peak [13]. These findings open new
possibilities for the study of single-dopant devices
because an individual donor can work as conduction
path even in channels containing more than only one
donor. The conduction path donor is an equivalent QD
with charge occupancy limited to one electron at practi-
cal temperatures.
Ideally, a single-dopant transistor contains one dopant
precisely located in the center of a nanoscale channel.
Significant progress has been realized in the direction of
dopant positioning by either top-down approaches, such
as single-ion implantation [7,32-34], or bottom-up
approaches [35,36]. An alternative way to control the
location of the active dopant would be to take advantage
of the effects of nanopatterning the channel; by impos-
ing specific patterns on randomly doped channels, the
probability of successfully isolating a single dopant is
enhanced. Results on this topic will be presented
elsewhere.
The results described in this section provide the
grounds for development of a key device, a single-
dopant transistor, in which the operation principle is
single-electron tunneling through a QD which is not
lithographically defined, but naturally created by an indi-
vidual dopant atom. This can be seen as the building
block for more advanced functionalities.
Coupled-donor systems
A double-donor system in Si has been considered the
basic unit for quantum computing, either based on spin
states [19] or charge states [20]. We study double-donor
systems from a more practical approach, i.e., to demon-
strate functions such as a dopant-based memory, with
one donor as a sensor (conduction path) and another
donor as a memory node (trap). If such a system could
be identified, it would become possible to design mem-
ories in which sensing is done by a single-electron tun-
neling current via one donor atom, while storage is
ensured by an individual donor working as a memory
node.
We have focused on identifying signatures of such a
double-donor system among our devices, which contain
donors randomly distributed in the channel [23]. The
first target was to select devices that exhibit
Figure 2 Single dopants in dopant-rich environment. (a) Device
structure of a phosphorus-doped SOI-FET with the channel
containing several donors. (b) SEM image of the channel area with
an illustration of random donor arrangement. (c) An example of
device characteristics with a single isolated first peak, indicating
single-electron tunneling via a donor QD even in a donor-rich
channel. (d) Zoom in on the first peak (inset: single-electron
tunneling via a donor in a donor-rich channel).
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described in the previous section, a single isolated cur-
rent peak can be found when only one donor-induced
QD controls electron transport, i.e., when the single-
electron tunneling conduction path contains only one
donor [13]. When the gate voltage aligns the conduction
path donor’s energy with the source/drain Fermi level,
conduction through the device starts. Characteristics for
such a device are shown in Figure 3a.
We planned to use this conduction path donor as a
sensor for detecting changes of the charge states of
nearby donors. For that, we measured ID-VG characteris-
tics by up-ramping and consecutively down-ramping VG
around the first peak, as shown in Figure 3b. For most
devices, changes in the background charges could not
be observed. However, for some devices, as the one
shown in Figure 3, we identified abrupt current jumps
reflecting sudden changes in potential due to a charging
or discharging event. Charging and discharging,
observed in consecutive up-ramping and down-ramping
sweeps, gives rise to a hysteresis in the characteristics
[zoomed-in in Figure 3c]. This suggests that, within the
hysteresis VG region, the charge state of the trap is dif-
ferent, depending on the sweeping direction. ID time
measurements [see Figure 3d] show two-level random
telegraph signals (RTS), suggesting a two-level trap. In
our device, it is most natural to assume that the trap is
a donor, either ionized (D
+) or neutralized (D
0). This is
because the number of donors in the channel is larger
than the estimated number of interface defects. Further-
more, from our previous studies [24] comparing doped
and undoped channel FETs, it is evident that most of
the features (irregular peaks) observed in the measured
characteristics are due to the channel donors. Our
further analysis [23] reveals that the trap-donor is closer
to the front interface as compared with the conduction
path donor. We thus identified devices in which two
donors work as a sensor and as a memory node, respec-
tively. This allows further investigation of the physics
behind single-electron transfer within double-donor
systems.
The particular feature of a two-donor system, com-
pared to other single-electron memory proposals
[37,38], is that each donor can practically only accom-
modate one electron. Although a second electron could
be added to a donor, the energy level for this state (D
-)
resides close to the conduction band edge [39], and it is
not expected to be observed under our measurement
conditions. In our devices, donors are embedded into a
thin Si layer (10 nm) and, in consequence, reside close
to the Si/SiO2 interface. For such donors, an increasing
electric field shifts the electron wavefunction towards
the interface, while still maintaining the electron locali-
zation around the donor [16,17,9]. Localization length at
the interface is gradually increasing with electric field; in
our devices, as VG is increased, a donor closer to the
surface would expand its potential at the interface. This
means that the cross-sectional area of the donor QD,
seen from the gate, is gradually increasing. In this situa-
tion, we suggested that the donor-gate capacitance
should be VG dependent, which allowed us to reproduce
in simulation single-electron transfer between the two
single-donor QDs [23]. Using this simulation, we inves-
tigated the effects of different donor arrangements on
the hysteresis width [23]. With further progress in
dopant engineering, a controlled design of dopant-based
single-electron memory devices, working on a principle
as described here, could become feasible [40].
A wide range of applications can be envisaged when
we consider more complex donor arrangements. We
demonstrated that an array of several donors, simulta-
neously working within a single-electron tunneling con-
duction path, can allow a time-controlled single-electron
transfer between source and drain [24,25]. In phos-
phorus-doped nanowire-FETs, an ac gate voltage can
change the charge state of the system by exactly one
electron. An electron enters the system during the high
level of the pulse and leaves the system during the low
level. Injection occurs from the source, while extraction
occurs to the drain, which gives rise to a single-elec-
tron/cycle transfer between the two electrodes. This
Figure 3 Single-electron transfer between two donors. (a) Low-
temperature ID-VG characteristics showing a single-donor current
peak used as a sensor for detecting charging and discharging of a
neighboring donor. (b)-(c) Charging and discharging are sensed as
abrupt jumps of the current (producing a hysteresis between up-
ramping and down-ramping curves) and (d) as RTS in the time-
domain measurements.
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proposed with metallic QDs [41] or with semiconductor
QDs [42,43], with the key difference that in our devices
QDs are dopant atoms. From simulation studies [26,27],
we found that the natural inhomogeneity of device para-
meters (mainly donor-gate capacitances) plays an impor-
tant role in single-electron turnstile operation.
In short, various applications can be designed using
charge states of coupled donors, suggesting that there is
a rich environment for further research and develop-
ment of functionalities downscaled to the level of dis-
crete donors.
Photon effects in doped channel FETs
Functionalities presented so far rely on single-electron
tunneling via one donor or coupled donors in dark con-
ditions, i.e., without photon illumination. However, the
range of applications for donor-based systems can be
drastically enhanced by purposely incorporating photon
effects. Based on the interaction between photons and
dopants, dopant-based optoelectronic devices could be
developed.
The effects of photon illumination on semiconductor
devices have been studied for a long time, mainly for
developing high-speed photodetectors [44] or solar cells
[45]. For FET devices, when photons are irradiated on
the channel, a fraction of incident photons will be
absorbed in the device active region. By absorption of a
photon, an electron-hole pair is generated, and carriers
may either contribute to conduction, recombine with
each other, or become trapped in available traps. Signifi-
cant research has been done on demonstrating trapping
of photo-generated carriers in QDs [46,47]. It was found
that QD arrays may work as a building block for single-
photon detection, involving trapping of elementary
charges in a QD and sensing it with a current flowing
as a percolation path in the channel. Such devices have
low quantum detection efficiencies, but demonstrate
that single photons can play an active role in the trap-
ping of single carriers.
A similar mechanism could be expected when the QD
array is replaced by an array of donors. In order to clar-
ify this point, we investigated the effects of (visible) light
irradiation on doped-channel FETs without a front gate.
For these devices, the substrate Si was used as a back
gate, allowing an operation similar to that of front-gate
devices. The basic device structure is shown in Figure
4a. We first measured the low-temperature (approxi-
mately 15 K) ID-VG characteristics, as shown in Figure
4b, under conditions of visible light illumination (l =
550 nm) with low incident flux. The characteristics exhi-
bit irregular current peaks, similarly to front-gate
devices. We focused on the first observable peak that
can be ascribed to single-electron tunneling transport
via lowest-energy donors in the channel [13]. We aimed
at clarifying whether photon-generated carriers can be
trapped or not in the remaining available donors.
A basic result on this point is shown in Figure 4c. We
measured the time-domain characteristics in the dark
with VG set on the first peak and observed no significant
current changes (lower panel). This indicates that, in the
dark, background charges do not naturally fluctuate sig-
nificantly. Under light illumination, however, the charac-
teristics are strikingly different, exhibiting an RTS
pattern (upper panel). This proves that photon-induced
carriers remain trapped in the channel for sufficient
time to be sensed in our measurement. In most devices
measured, the RTS has mainly two levels, which sug-
gests that only one trap is responsible for the observed
current switching. It is again natural to ascribe the trap
to a donor located in the device channel. We identified
the charge states of the trap-donor by comparison with
ID-VG characteristics, and we found that the frequency
of single-electron trapping is directly proportional to the
photon flux [28]. These results suggest the possibility of
incorporating photons into single-dopant device opera-
tion, opening a rich field of study on the interaction
between individual dopants in silicon and their electro-
magnetic environment.
Single-dopant observation
In order to fully understand the properties of dopant-
based devices, it is necessary to directly observe the
dopant distribution in the device channel. For this pur-
pose, several techniques have been proposed, such as
scanning tunneling microscopy (STM) and scanning
capacitance microscopy (SCM). Individual dopants were
Figure 4 Photon-generated electron trapping in donor arrays.
(a) Device structure of a back-gated SOI-FET for light illumination
measurements. With VG set on the first observable current peak (b),
effects of photon absorption in the nanoscale channel can be
observed as RTS in the time-domain measurements (c).
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with a specific surface treatment [35,48,49]. STM, how-
ever, relies on measuring tunneling currents between a
metallic tip and the sample, and it can only detect point
charges located in the topmost few layers. SCM is based
on evaluating the capacitance between a tip and the
sample, allowing for subsequent extraction of dopant
profiles [50,51]. This technique is, however, limited by
the tip and sample quality, which strongly affect the
measured capacitance values.
The main issue with mapping dopants in FET chan-
nels is having the ability to measure signals coming
from dopants located within a thin layer of Si, covered
b yat h i nS i O 2 film, as the case of SOI-FETs. The most
suitable way to do that is to detect the long-range elec-
trostatic force created by an ionized dopant. This is the
basic principle of operation for a technique called Kelvin
probe force microscopy (KFM) [52]. Basically, KFM
allows measurement of contact potential difference
between a metallic tip and the sample surface [52], with
additional contributions from dipole formation near the
surface of the semiconductor sample [53].
We have utilized a special setup of KFM, which allows
us to measure FETs fabricated on SOI wafers, at low
temperatures (approximately 13 K), with the possibility
of fully using external biases [see Figure 5a]. Applying
an appropriate bias to the devices can induce depletion
of the channel of free carriers, leaving behind immobile
charges, i.e., ionized dopants. Depletion can be achieved
more readily at low temperatures, at which intrinsic car-
rier concentration is negligible, allowing for a measure-
ment of unscreened ionized dopants [15]. Expected
results are shown in Figure 5b from a simulation of
electronic potential due to a random distribution of
phosphorus (P) donors in a thin Si layer. Using our low-
temperature (LT)-KFM technique, we measured the dis-
crete distribution of P donors in the channel of thin
SOI-FETs [14], as shown in Figure 5c as electronic
potential maps. A darker contrast indicates lower elec-
tronic potential, consistent with the presence of a posi-
tive phosphorus ion (P
+). The spatial extension of the
dark spots is typically below 10 nm, while the potential
depth is on average a few tens of meV, as observed
from insets in Figure 5c. These characteristics are in
good agreement with properties of individual P donors,
such as Bohr radius (rB ≅ 2.5 nm) and ground state
energy (E0 = 44 meV). Acceptor impurities, such as
boron (B), could also be observed when measuring
weakly doped p-type Si samples [14]. These results
prove the potential of the KFM technique to resolve the
distribution of dopants in FET channels at single-dopant
level. Our recent studies also demonstrate the ability of
LT-KFM to detect different charge states of isolated or
clustered donors [29].
Summary and conclusions
As briefly outlined, dopants in semiconductors provide a
wide range of applications based on manipulation of ele-
mentary charges and dopant states. Koenraad and Flatté
[ 5 4 ]h a v er e c e n t l yg i v e na ne x t e n d e dr e v i e wo ns i n g l e
dopants in semiconductors, covering also dopant-based
spintronics and dopants as nonclassical light sources.
As i m p l eo v e r v i e wo nt h epossible directions of
research involving individual dopants, either isolated or
in dopant-rich channels, is s h o w ni nF i g u r e6 .S i n g l e -
dopant transistors can become attractive candidates for
applications involving electron transport at atomic level.
Studies of coupled donors in nanostructures may reveal
more complex properties that arise from interactions
among donors and between donors and interfaces.
Dopant-based optoelectronic devices can be conceived
based on studies of photon illumination on dopant
arrays. In addition, active research in controlling and
monitoring of discrete dopants in working devices will
Figure 5 KFM observation of discrete dopants in device
channel. (a) Setup for LT-KFM measurements, showing in the inset
the topography of the measured channel area. (b) Simulated surface
electronic potential map due to ionized P donors in a thin Si layer.
(c) Measured electronic potential maps at the surface of P-doped
SOI-FETs (lower panels are line profiles through some of the dark
spots, i.e., regions of lower electronic potential).
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nics. Quantum computing, dopant spintronics, and chal-
lenges related to dopant distribution in conventional
FETs will continue as important components for under-
standing individual dopant properties. All these direc-
tions will converge in creating a rich research
environment able to push the silicon-based electronics
industry beyond the limits of the Moore’sl a wa n di n t o
atomic scale functionalities. It is also essential to note
that the properties of the dopants significantly change
when the donors are located in nanostructures, com-
pared to bulk. A basic finding is that dopants embedded
in nanowires may have an enhanced binding energy due
to dielectric or quantum confinement [21]. We suggest
that this effect can play a key role in the development of
single-dopant devices operating at higher temperatures
and further studies may reveal the guidelines to utilize
this effect up to room temperature.
In this paper, we briefly outlined some of the key
functions of dopant atom devices, such as single-elec-
tron tunneling via a donor in donor-rich devices, single-
electron transfer between two donors, time-controlled
transport through donor arrays, effects of photons on
individual donors, as well as direct observation of
dopant potentials. With further progress under way in
dopant control and observation, coupled with new find-
ings from theoretical treatment of dopants in nanostruc-
tures, the field of single-dopant electronics is expected to
unfold into a rich area of research for ultimately minia-
turized devices and beyond.
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